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Abstract

The electrical behavior of a tunneling emitter-undoped single quantum well
infrared photodetector (QWIP) structure was studied at 77 K. In order to
understand the current generation and transport mechanisms, to estimate the
quantum well electron density variation, and the barrier band bending under
applied bias voltage, the current-voltage dependence was numerically analyzed
using the known parameters of the structure. In this study resonance and non-
. resonance currents originated from the emitter contact, the field emission current
from the quantum well, and also the thermionic emission current components -
were taken into account. The calculated and the experimentally measured currents
were in good agreement. Also, the carrier density variation in the‘ quantum well

region and barrier band bending, as a function of bias voltage, were calculated.
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I. INTRODUCTION

One of the most important application of semiconductor quantum wells (QWs) is in the
detection of infrared (IR) radiation by utilizing intersubband photo-transitions between
quantum states'?. Focal plane arrays of Quantum well infrared photodetectors (QWIP's)
are of particular interest for generation of "IR images"” in the 6-18 um spectral band.
Operating these detectors at high temperatures is limited due to the dark current

. generated from the quantum wells and the contact layers. The optimization of the QWIP
design requires the knowledge of the physical processes controlling the background dark
current. Basic physical mechanisms behind the QWIP operation have been réviewed by
Levine et al. . In principle, the photon is detected by an excitation df an electron from a
QW ground state to a higher state. These electrons are supplied by doping the quantum
well **%or by tunneling into the well through a thin emitter contact layer 6.7:8.
Afterwards, excitation of the charge it is swept away from thé QW to the collector

contact due to an external electric field.

The infrared optical properties of the tunneling emitter-undoped single éuantum well
detectors (See Fig. 1) are particularly interesting because of the filling of the quantum
well, and hence the optical response is strongly dependqnt on the bias voltage. The
optical response of such a structure was first studied by Liu et al.6.7 using a fixed

frequency COj laser. Later Bandara et al.8 performed a series of experiments on a single



quantum well enclosed by asymmetric barriers, including measurements of the dark

current, responsivity, and gain of such a detector.

In this work we have measured the dark current at temperature T = 77 K, and compared
the results with numerical calculations in a similar tunneling emitter-undoped single
quantum well structure. The structure, as shown Fig. 1(a), consists of an un-doped
quantum wellkwith thin emitter barrier and thick collector barrier, bounded by doped
contact layers. The main idea of the asymmetric barriers was to tunnel electrons from
the emitter to QW and suppress tunneling out of the QW. In our calculations, we take

. into account the electron conduction process through the structure, especially the
resonance tunneling current from the emitter to the quantum well ground state energy
level. The resonance tunneling current equation was derived using the transfer
Hamiltonian description of resonance tunneling’, considering the enﬁtter three
dimensional electron gas and a two dimensional ground state energy level in the QW.
Also the non-resonance current from the emitter, thermally excited field emission
_current from the quantum well, And the thermionic emission current components from

the emitter and the quantum well were included in the numerical calculation.

This paper is organized in the following way. In Sec. 2, growth, proceséing of the used
structure and the experimental techniques are described. In Sec. 3, the detailed theory
and the current behavior are discussed. Next, the results ?.nd discussion are presented in
Sec. 4. The asymmetry of the dark current in forward and reverse biased directions, the
characteristics of the resonance current, voltage distribution among the barriers and

electron density variation in the QW are presented. Our theoretical model provides a
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good agreement between the calculated and measured current-voltage relation for

several orders of magnitude in current.
II. DEVICE FABRICATION AND EXPERIMENTAL MEASUREMENT

The structure used in this work is shown schematically in Fig. 1a. It was grown by
Molecular Beam Epitaxy (MBE) on a semi-insulating GaAs substrate with a 1 pm thick
GaAs contact layer (n=1.4x1018 cm-3) on top, followed by a L_ = 500 A thick

Alg.27Gag 73As collector barrier, a L, = 40 A GaAs quantum well, and a L, =150 A

* thick Alg 27Gagp 73As emitter barrier. Finally a 0.5 pm thick GaAs (n=1.4x10'8 cm-3)
contact layer was introduced. After growth of the structure, 200 um diameter circular
mesas were processed by standard phéto-lithography wet chemical etching. Au-Ge

ohmic contacts were evaporated onto the top and on the bottom contact layers.

The dark current through the structure for both forward and reverse directions was
measured at 77 K in the bias voltages 0 to 500 mV with 10 mV increment steps. The
forward bias direction refers to the emitter contact being negative (i.e. thin emitter
barrier negative) and collector being ground (i.e. thick collector barrier ground) and vice

versa (See Fig. 1(b)).

III. THEORY



[n this part, the current components are described as a function of bias applied over the
structure. The double barrier structure is shown in Fig. 1(b) with bias V, across the
emitter barrier and V. across the wide collector barrier. The position E, of the
resonance energy level with respect to the conduction band minimum in the emitter
contact layer is E, = E; -V, (E, > 0), where E, is the position of the ground state
energy level in the quantum well. The sizes of the barrier potentials are given by the
band edge offset AE, . In the forward biased direction free electrons can tunnel to the
QW region and be thermally emitted over the barrier. The rate of injection of electrons
into the quantum well must be equal to the rate leaving it. These injected electrons can -
be treated as a resonance tunneling current 15(Ve,E,) from the emitter contact layer to

the ground state energy level E| in the quantum well and, the non-resonance tunneling - -
current If,_“l' (V.) from the emitter in the energy range E, to (AE¢-Ve). Due to the thick

collector barrier there cannot be a resonance current from the quantum well energy state

E| to the collector, only the thermally excited two dimensional field emission current

Ifﬁ (Vc-) from the quantum well. The current components across the structure are~- - I

schematically shown in Fig. 1b. Injected electrons from the emitter to the quantum well |

are two contributions Ig(Ve,E ) +1 :’ (Ve), which must balance the current between the
| :

quantum well and collector Iff (V,). In principle there can be a transitional

accumulation of two dimensional electrons in the well region. Note that the well is

populated by the resonance current which mainly depends on the two dimensional
quantum well Fermi energy ng (relative to the ground state energy E,) and the three

dimensional Fermi energy E} of the contact layer, respectively.
gy bF
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[n addition to the above current process there is a thermionic emission current above the
emitter barrier, and a thermally assisted tunneling current 12; (V) from the triangular

part of the emitter barrier (i.e. in the energy range (AE. - V. ) to AE(), which is not

injected into the quantum well. Then the total current through the structure I(V,.,V.) is

given by the Eq.s:
I(VC’VC)=I£(VC’EI')+I‘:; (VC)+]::(V€)’ (l)
I&?(Vc)z' Ig(ve’Er)+ I::(Ve)- )

In principle the resonance condition is fulfilled when the QW ground state is aligned

with the Fermi level in the contact. However, we consider the system to be in resonance -
as long as the CB electrons in the emitter can tunnel to the QW ground state energy level
E;. At off-resonance (i.e. the quantum well ground state energy level has-dropped e
below the emitter conduction band edge; E; < 0) there will be no accumulation of |

carriers in the quantum well and the total current is given by

I(Ve’vc)=12r(ve)+lgs(vc)' 3)



Here, 177(V, ) is the current in the energy range zero to AE (i.. from the conduction
band minimum). The field emission current from the empty-quantum well is due to the

thermal generation of carriers.

The externally applied bias voltage through the structure Vy, is given by the Eq.
Vp =V + V. +V,,, where Vg, V., and V,, are the voltage distributions among the
emitter barrier, collector barrier, and quantum well, respectively. The relation between

these voltages are given by™**

[Vece - VcCc]= 2V, C,, =-enAL,,. 4

Here the capacitance of the thin emittér, thick collector and quantum well are given by
Ce=€5A/Le, Cc=g2A/L; and Cw=¢;A/Ly, respectively, and €] and ¢ are the
permittivities of the well and the barrier regions. The symbols L. and L are the
thicknesses of the emitter and collector barriers, and L, is the thickness of the QW.

The éverage three dimensional electron density n in the well can be given by

qw
n= m_,zki .In{ 1+ exp EF/T . ' (5)
nh LW B

The symbols have their usual meaning. In this study the main interest is the resonance
current which is calculated by the "Transfer Hamiltonian formalism” considering

tunneling of electrons from the three dimensional electron gas in the emitter to the two



dimensional electron gas in the quantum well. The resonance current can be shown to

be’

Ire(ve’Er)z

_ e ;

5 5 l+exp{EF _E% T)

2¢Xm 2 AkgT M, _,w| In B ©
w

’ o L+ expl EF ,
+exp kgT

=

2. . .ys .
where lMe_w,l is the matrix element for the transition from emitter to quantum well.
The analytic expression is obtained by matching wave functions that are solutions of the

Schrédinger equations for emitter and QW regions and given by

8 k3K3 exp(-2K,L,)

2 —
Xm, [Er(mz ‘ml)‘*'mlEb}z[LwKr +

IMe—>w|2 =

— . (7
2m2Eb :l ( )
E,(my —m;)+mE,

Here X is the length of the contact layer which will cancels out, A is the device area, m,,
and 11.12 are the eﬁ’e_t_:ﬂtirv;e; electron masses in the GaAs and Al,Gaj.xAs layers,
respectively. The s&mbol Eb is the effective mean barrier height for the emitter barrier
Ey =(AE. - V,)/2, where AE_ is the conduction band discontinuity given by the

aluminum alloy composition. The symbols k, and K, are given by

[2mE 2m,(E, -E,
kl‘ = —7;—5- , Kr =J'——2‘£‘;2b——‘—"‘2 . (8)




The non-resonance tunneling current from the emitter and the two-dimensional field

emission current from the well are given by the Eq.s (9) and (10). ***.

-
em kg TA ES -E
le'(Ve) = (——2——-’;—-—] jTe(E Ve).In l+exp( F KBTHdE 9

L

—

| -1
~-E, ~-F¥
1% (Ve) = (e‘:":)v(V) j T°(E, V,). l+exp(E Ei-Ef KB TH dE (10)
T

Here T is the temperature and Te(E,Ve) and T°(E, V. ) are the non-resonance tunneling

coefficients given by the WKB approximation for the emitter and collector barriers
respectively. In order to calculate the thermionic emission current, the tunneling

coefficients were assumed to be unity above the barriers. In Eq. 10 the thickness L is

48,10

L =L,, +L,. The collector velocity v(V.) is given by

WV )= an

)

where Fe=V /L. is the collector electric field, p is the mobility, and vy is the electron

saturation velocity.

IV. RESULTS AND DISCUSSION
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The dark current across the structure was measured from 10 to 500 mV at liquid
nitrogen temperature for both forward and reverse directions. In our structure the
forward biased direction is with positive bias on the substrate. The current-voltage
behavior at 77 K is shown in Fig. 2. The reverse current is one order of magnitude larger
than the forward current, and the overall shape of the curves are similar expect for a
broad peak in the forward current due to the resonance contribution. Here we focus on
the process generating the forward current which is of direct interest as it is a limitation
in the QWIP performance. In the forward direction, the current, shown in Fig. 2,
increased steadily in the interval 10 to 320 mV with a pronounced kink (denoted by the

. arrow) at around 150 mV. After passing through a broad resonance peak at around 350

mV, the current again started to increase steadily from 410 mV upwards.

The dependence of the current in the bias range 10 to 410 mV is deséribed Eq. (1) under

the condition given by Eq. (2). For bias voltages larger than 410 mV where E| has

dropped below the conduction band minimum, the behavior can be explained by Eq (3).

Figure 3 shows the comparison of theoretical and experimental forward IV
characteristics. In this work, we have included the resonance tunneling, non-resonance
tunneling and thermionic emission current contributions as described in the Eq. (1) to

(11) and the dark current was calculated for the structure at T=77 K. The result is shown

by the circular symbols in Fig. 3. In the numerical calculation for E, > 0, the quantum

well Fermi energy E?:w was calculated under the condition given by Eq (2) and fitting
the mobility u=2000 cm?/Vs and vs=5x106 cm/s in Eq (11). After dropping of E; below

the conduction band (i.e. E, < 0) the total current was calculated according to the Eq

11

t
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(3). The calculated points in Fig. 3 describe the general increase of the dark current and
apparent the broad peak in the 300 - 360 mV bias voltage range resulting from resonant
tunneling. Figure 4 shows the calculated resonant tunneling contribution to the total dark

current as bias voltage varies across the device and it maximize around 350 mV bias

voltage.

In order to understand the appearance of the reproducible kink at 150 mV the resonance
current variation was carefully investigated with bias voltage. In the calculated
resonance current, which is shown in Fig. 4, has a minimum at around 135 mV.

. Negative current below 200 mV indicates a change in the direction of the resonance
current (i.e. from well to emitter contact). This minimum resonant current (or maximum
reverse-resonance current) around 135 mW could be the reason for observing a kink in
the experimental forward current. However, our forward current caléulation did not
indicate any kink at 135 mV bias or elsewhere. Furthermore, the difference between the
voltages corresponding to the experimental kink and the theoretical resonance current
minimum is 15 mV. These differences could be due to the possible uncertainty in the
parameter values of the structure, such as aluminum alloy composition, thicknesses of

the AlxGaj.xAs layers and GaAs layer and doping density in the contact layers used in

the calculation.

Also results of this calculations provide bias voltage distribution across the barriers and
the quantum well and the variation of carrier density in the quantum well. The
theoretical and experimental results both gave the resonance peak at 350 mV bias. The
calculated voltage distribution across the structure is shown in Fig. 5. Most of the

12



applied bias voltage drops across the collector barrier because of the efficient tunneling
through the relatively thin emitter barrier. As shown in Fig. 5, the rapid increase in the
emitter voltage (V,) around V, > 350 meV is a result of the dramatic drop in the
resonant tunneling contribution to the total current. See Fig. 4. Simple band structure
calculations indicate that the GaAs QW of thickness 40 A with Alg 27Gag 73As barriers
has only one bound .quantum energy state with energy ~ 90 meV. The Fermi energy of
the contact layer was calculated to be 68 meV using the free electron model. For a total
voltage drop of 350 mV across the structure the emitter barrier voltage was 47 mV.
These results indicate that E =43.6 meV correspdnds to the maximum resonance current.
- Therefore, our study indicates that the maximum resonance current does not necessarily
occur at the point where the ground state energy of the QW aligns with the emitter
conduction band minimum. Similar behavior in resonant tunneling current were
predicted by Schulman'' and explained by considering different in-pfane effective mass
in the emitter and well. Fig. 6 shows the calculated electron density variation in the QW
under bias. The drop in electron density at higher bias voltages is due to decrease in the
resonant tunneling current as indicated in the fig. 4. Unlike in previous calculations®, the
non-abruptness in the decreasing electron density may have resulted from non-zero |
operating temperature and inclusion of finite size of the barriers in the resonant
tunneling formula ( Eq. 7). The electron density is observed to be maxiﬁxum at 320 mV.

Therefore, the photocurrent of the structure is expected to show similar behavior with a

peak at 320 mV.



V. CONCLUSION

Well agreement between theory and experiment indicates that the carrier transport
process through such quantum well structures is due to the combined effects of
resonance tunneling, non-resonance tunneling, and thermionic emission. This theoretical
model] predicts the variation of electron density in the quantum well, and barrier band
bending with the applied bias voltage, that are valuable in understanding and optimizing
undoped tunneling QWIP device structures.
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FIGURE CAPTIONS

Fig 2:

Fig 3:

Fig. 4:

Fig 1. : Schematic conduction-band diagram of the undoped single-well QWIP. (a) under

zero bias. (b) under a forward bias. The ground state electron energy level is
indicated as E,. Also shown are emitter and collector Fermi energy levels,

voltage drop across the barriers, and current components.

Experimental dark current at T = 77K vs forward bias (positive) and reverse
bias voltage. The arrow indicates a reproducible kink around 150 mV forward

bias voltage. which may be resulted reverse-resonance current.

Experimental dark current and calculated dark current vs biés voltage at T=
77K. The theoretical model includes current contributions from resonance
tunneling, non-resonance tunneling and thermionic emission as described in the
Eq. (1) to (11). The mobility p=2000 cm2/V's and saturated drift velocity

vs=5x106 cm/s were obtained from the theoretical fit.

Calculated resonance tunneling current contribution (described by Egs. 6 and-
7to the total dark current at T = 77 K. Negative current below 200 mV indicates
a change in the direction of the resonance current (i.e. from well to emitter

contact).
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Fig. 5: Calculated potential drops across the emitter barrier (Ve), collector barrier (Vb)

and the quantum well at T = 77 K as a function of total applied bias voltage.

Fig. 6: Calculated electron density in the quantum well at T = 77 K as a function of bias
)
voltage. The drop in electron density at higher bias voltages is resulted from

decrease in the resonant tunneling current. The photocurrent of the structure is

expected to show similar behavior with a peak at 320 mV.
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